The ubiquitin-proteasome system plays a crucial role in cell cycle progression. A previous study suggested that Spo12, a component of the Cdc14 early anaphase release (FEAR) network, is targeted for degradation by the APC/ C Cdh1 complex in G1 phase. In the present study, we demonstrate that the Hect-type ubiquitin ligase Tom1 contributes to the turnover of Spo12 in G2/ M phase. Coimmunoprecipitation analysis confirmed that Tom1 and Spo12 interact. Overexpression of Spo12 is cytotoxic in the absence of Tom1. Notably, Spo12 is degraded in S phase even in the absence of Tom1 and Cdh1, suggesting that an additional E3 ligase(s) also mediates Spo12 degradation. Together, we propose that several distinct degradation pathways control the level of Spo12 during the cell cycle.
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The ubiquitin-proteasome system plays a role in a number of cellular processes, including cell cycle progression [1, 2] . Ubiquitination is an enzymatic cascade catalyzed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s) [3, 4] . Among these enzymes, E3s are the largest group of proteins and facilitate substrate-specific ubiquitination by binding to both E2s and substrates. Approximately 60-100 putative E3s have been identified in the budding yeast Saccharomyces cerevisiae [3] .
To elucidate the physiological functions of the ubiquitin-proteasome system, it is imperative to identify the specific substrates of each E3.
Temperature-dependent Organization in Mitotic nucleus or Trigger Of Mitosis (Tom1), one of five homologous to the E6-AP carboxyl terminus (HECT)-type E3s in budding yeast, is a multifunctional nuclear protein whose targets include histone H3 [5] , Yra1 (a component of the mRNA ribonucleoprotein) [6] , Dia2 (an F-box protein) [7] , and Cdc6 (a component of the Abbreviations APC/C, Anaphase-promoting complex/cyclosome; CDK, cyclin-dependent kinase; FEAR, the Cdc14 early anaphase release; HECT, homologous to the E6-AP carboxyl terminus. prereplicative complex) [8] . It was recently reported that Tom1 plays a crucial role in the quality control of unassembled ribosomal proteins, a pathway referred to as ERISQ (excess ribosomal protein quality control) [9] . Importantly, Tom1 was suggested to recognize ribosomal proteins via a stretch of positively charged residues that are only accessible in the unassembled state. Similarly, a stretch of positively charged residues in Dia2 is critical for its recognition by Tom1 [7] . However, despite the increasing number of known Tom1 substrates, the pleiotropic phenotypes of tom1D cells [10] imply that Tom1 also regulates additional substrates.
In budding yeast, Cdc14 phosphatase is essential for mitotic exit by counteracting mitotic cyclin-dependent kinase (CDK) activity [11] [12] [13] . Cdc14 activity is controlled by changes in its subcellular localization. From G1 to metaphase, Cdc14 is bound to Cfi1/Net1 in a nucleolar complex called RENT (regulator of nucleolar silencing and telophase exit) [14] [15] [16] . At the onset of anaphase, the Cdc14 early anaphase release (FEAR) network and the mitotic exit network sequentially release Cdc14 from the RENT complex into the cytoplasm, a critical requirement for mitotic exit [11, [17] [18] [19] [20] [21] [22] .
Spo12, a protein of unknown biochemical activity, is one component of the FEAR network [23] . This protein is activated by CDK-mediated phosphorylation during early anaphase to promote the dissociation of Cdc14 from the RENT complex member Fob1 [18, 23] . Phosphorylation of Spo12 is restricted to anaphase; the protein is maintained in a dephosphorylated state by Cdc14 prior to anaphase and after mitotic exit [23] . Notably, the level and activity of Spo12 are strictly controlled during the cell cycle. Transcription of SPO12 is low in G1 phase, peaks in mitosis, and decreases as cells enter the following G1 phase [24] . Furthermore, Spo12 protein is degraded by the proteasome in an APC/ C Chd1 -dependent manner during mitotic exit [25] . Phosphorylated Spo12 is most likely inactivated by Cdc14-mediated dephosphorylation, but not by APC/C Cdh1 -mediated degradation [23] ; therefore, the physiological significance of Spo12 degradation is unclear. However, comprehensive understanding of Spo12 regulation is necessary to elucidate the molecular events that occur during mitotic exit.
In this study, we identified Tom1 as a novel E3 ubiquitin ligase that potentially contributes to the degradation of Spo12. Consistent with a previous study [25] , APC/C Cdh1 primarily regulated Spo12 degradation in G1 phase. Here, we show that Spo12 is also turned over in G2/M phase and that its degradation at least partially depends on Tom1. Notably, Spo12 was also degraded in S phase, but this was independent of both Tom1 and Cdh1, suggesting that an additional E3 ligase(s) also mediates Spo12 degradation. Based on these results, we propose that several distinct degradation pathways control the level of Spo12 during the cell cycle.
Materials and methods

Strains and plasmids
The yeast strains used in this study are listed in Table 1 . Tom1 mutant strains were gifted from Dr. Deanna M. Koepp (University of Minnesota). Standard genetic techniques were used to construct the strains. Cells were grown in YPD-rich medium (1% yeast extract, 1% peptone, and 2% glucose) or SD standard minimal medium (0.67% yeast nitrogen base with 2% glucose and lacking the appropriate amino acids).
Antibodies and immunoblotting
Polyclonal anti-Spo12 antibodies were generated in rabbits against recombinant Spo12 in our laboratory [26] . Mouse monoclonal antibodies against FLAG (M2) and Pgk1 Table 1 . Yeast strains used in this study.
Strain
Genotype Source
W303-1a
MATa, can1-100, leu2-3,-112, his3-11,-15, trp1-1, ura3-1, ade2-1 
Protein degradation assay
The cycloheximide chase protein degradation assay was performed as described previously [26, 27] . Briefly, yeast cells were grown to log phase, protein synthesis was terminated by the addition of cycloheximide (100 lgÁmL
À1
), and cells were collected at the indicated time points. Cells were suspended in 20% trichloroacetic acid and disrupted by vigorous vortexing in the presence of acid-washed glass beads. The cell suspension was transferred to a new tube. The glass beads were washed with 5% trichloroacetic acid and pooled with the preserved cell suspension. Proteins were precipitated by centrifugation at 20 000 g for 10 min at 4°C, rinsed with ice-cold acetone, and suspended in SDS/PAGE sample buffer. The turnover of Spo12 was quantified in three independent experiments using ImageJ software. Error bars indicate standard deviations.
Immunoprecipitation
Cells were cultured (typically~100 mL) to mid-log phase, arrested by treatment with 15 lgÁmL À1 nocodazole (Noc) for 2.75 h, and further treated with 100 lM MG132 for 45 min. Then, cells were lysed in lysis buffer (40 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.2% Triton X-100) supplemented with 1 9 complete protease inhibitor cocktail (Roche) using glass beads and a multibead shocker (Yasui Kikai). The cell homogenate was centrifuged at 20 000 g for 30 min at 4°C. A portion of the cleared lysate was saved, subjected to trichloroacetic acid precipitation, and used as the input control. The remaining lysate was incubated with anti-FLAG M2 affinity gel (Sigma) for 2-3 h, and then the beads were washed four times with lysis buffer. Immunoprecipitated proteins were eluted with SDS/PAGE sample buffer, separated by SDS/PAGE, and subjected to western blotting.
Flow cytometry
Flow cytometric analysis was performed using an Attune NxT Flow Cytometer (Thermo Fisher Scientific). Briefly, cells (~0.5 9 10 7 ) were suspended in 300 lL of 200 mM Tris pH 7.5 and added to 700 lL of 100% ethanol. The cell suspension was incubated overnight at 4°C. Thereafter, 1 lL of the cell pellet was suspended in 100 lL of RNase buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.5 mgÁmL
À1
RNase) and incubated at 37°C overnight. Then, 50 lL of the suspension was mixed with 900 lL of buffer (20 mM Tris-HCl, pH 7.5, and 150 mM NaCl), and propidium iodide was added to a final concentration of 50 lgÁmL À1 . The mixture was incubated at room temperature for 30 min, sonicated briefly, and subjected to flow cytometric analysis according to the manufacturer's instructions.
Results
The HECT-type E3 ligase Tom1 contributes to the degradation of Spo12 in G2/M phase A previous study suggested that Spo12 is a short-lived protein whose degradation is dependent on the APC/ C Cdh1 ubiquitin ligase complex in G1 phase [25] . To confirm this, cells were synchronized in G1 phase by treatment with a-factor (aF), and degradation of Spo12 was analyzed in a cycloheximide chase experiment. Spo12 was detected using a specific antibody. The initial level of Spo12 was significantly higher in cdh1D cells than in wild-type cells. To normalize the initial level of Spo12, we aligned the blots with short and long exposures and compared the rate of the decrease in the Spo12 band intensity between cdh1D and wild-type cells (Fig. 1A and Fig. S1 ). The rate of the decrease in the Spo12 band intensity was slower in cdh1D cells than in wild-type cells, suggesting that Cdh1 plays a major role in the degradation of Spo12 in G1 phase. To confirm this result, we normalized the initial level of Spo12 in wild-type and cdh1D cells by diluting the cdh1D cell extract (Fig. 1B) . This confirmed that degradation of Spo12 was slower in cdh1D cells than in wild-type cells.
In contrast with G1 phase, Spo12 was turned over in both wild-type and cdh1D cells arrested in S phase using hydroxyurea ( Fig. 2A) . Moreover, Spo12 was robustly degraded in both wild-type and cdh1D cells arrested in G2/M phase using Noc (Fig. 2B) , even though transcription of SPO12 peaks during mitotic phase and its activation is essential for the function of the FEAR network. Importantly, the degradation of Spo12 in S and G2/M phase was inhibited by MG132, suggesting that Spo12 degradation depends on the proteasome in these cell cycle stages (Fig. 2C) . These results suggest that an additional E3 ligase(s) also controls the turnover of Spo12.
To identify the relevant ligase, degradation of Spo12 was assayed by performing a cycloheximide chase assay in cells lacking individual components of the ubiquitin-proteasome pathway. Our initial experiments suggested that Spo12 was moderately stabilized in asynchronized cells lacking Tom1, a HECT-type ubiquitin ligase. However, the degree of Spo12 stabilization in tom1D cells varied between experiments. One possible explanation for this is that the percentages of tom1D cells in each cell cycle stage varied between cultures, while Tom1-dependent degradation of Spo12 exclusively occurred in a specific cell cycle stage. To test this possibility, degradation of Spo12 was analyzed in tom1D cells synchronized in G1, S, or G2/M phase. Although Tom1 seemed to play a role in the degradation of Spo12 in G1 phase, its contribution was smaller than that of Cdh1 (Fig. 1A and Fig. S1 ). Intriguingly, degradation of Spo12 was independent of both Tom1 and Cdh1 in S phase ( Fig. 2A) . However, Spo12 was partially stabilized in tom1D cells in G2/M phase (Fig. 2B) . Furthermore, degradation of Spo12 in G2/M phase was slowed in tom1C3235A mutant cells (Fig. 3) , in which the catalytic cysteine of Tom1 is replaced by alanine. Together, these results demonstrate that the degradation of Spo12 in G1 phase mainly depends on APC/C Cdh1 , whereas its turnover in G2/M phase at least partially depends on Tom1.
Spo12 is coprecipitated with Tom1
Substrates of the APC/C ubiquitin ligase complex generally contain an amino acid sequence termed the destruction box [28] . However, contrary to expectations, Spo12 with a mutation in the putative destruction box (Fig. 4A) is turned over more rapidly than wild-type Spo12 in G1 phase [25] . Another sequence motif that may be recognized by the APC/C ubiquitin ligase complex is the KEN-box [29] , which is also found in Spo12 (Fig. 4A) . However, mutation of the KEN-box motif also destabilizes Spo12. Mutation of these motifs most likely affects the tertiary structure of Spo12, resulting in its rapid nonspecific turnover. Therefore, it is currently unclear if these motifs are involved in the recognition of Spo12 by the APC/C ubiquitin ligase complex [25] .
Previous reports suggest that Tom1 recognizes a stretch of positively charged residues in its substrates [7, 9] . Spo12 contains clusters of positively charged residues (lysine, arginine, and histidine) (Fig. 4A) . We, therefore, investigated if Tom1 interacts with Spo12 by performing coimmunoprecipitation assays. Extracts were prepared from cells expressing 3 9 HA-tagged Spo12 and/or 3 9 Flag-tagged Tom1 from their endogenous loci. Upon immunoprecipitation of Tom1-3 9 FLAG, Spo12-3 9 HA was coprecipitated (Fig. 4B) . However, this result was not easily reproduced, possibly due to the weak interaction of these proteins in asynchronized cells. The result was much more reproducible when cells were synchronized in G2/M phase using Noc (Fig. 4C,D and Fig. S2 ). On ) for 3 h. Cycloheximide chase experiment was performed as in Fig. 2 . The turnover of Spo12 was quantified from three independent experiments using ImageJ software. Error bars indicate standard deviations (SDs). Flow cytometry analysis was performed to monitor the respective cell cycle arrest. the contrary, the Spo12-Tom1 interaction was lower than the detection limit in G1 and S phases (Fig. 4C) . One possible explanation is that Tom1 specifically recognizes Spo12 in G2/M phase. However, it might also be due to the technical difficulties encountered with the coprecipitation analysis because the expression level of Spo12 was lower in G1 and S phases [24, 25] . Nonetheless, the physical interaction between Tom1 and Spo12 supports the idea that Tom1 contributes to the turnover of Spo12.
Genetic interaction between Tom1 and Spo12
Degradation of Spo12 was dependent on Tom1; therefore, overexpression of Spo12 might be expected to affect cell growth. To test this, we expressed Spo12 under the control of the ADH1 or GPD (TDH3) promoter, which are often used to overexpress genes in yeast, from a low-copy plasmid. The level of Spo12 expressed from these plasmids (lanes 3 and 5, respectively) (Fig. 5A ) was significantly higher than that expressed from the endogenous locus (lanes 2 and 4, respectively). Next, cell growth was analyzed by the serial dilution assay. Both wild-type and tom1D cells grew well at 30°C in the absence of Spo12 overexpression (Fig. 5B, left panel) . When Spo12 was overexpressed from the ADH1 promoter, both wild-type and tom1D cells still grew normally. However, at 32°C, the growth of tom1D cells overexpressing Spo12 was significantly perturbed, while tom1D cells not overexpressing Spo12 still grew normally (middle panel). At 33°C, tom1D cells with the empty plasmid grew slightly slower, and this was exacerbated upon overexpression of Spo12 (right panel). Similar results were obtained in another independent experiment (Fig. S3,  upper panels) . Moreover, when Spo12 was overexpressed under the control of the GPD promoter, wildtype and tom1D cells grew slightly slower at 30°C ( Fig. S3, lower left panel) , and the growth of tom1D cells was significantly perturbed at 33°C (lower right panel). Finally, we tested the cell cycle distribution of tom1D cells with or without Spo12 overexpression (corresponding to tom1D + P GPD -SPO12 and tom1D + P GPD -empty, respectively). Interestingly, as shown in Fig. 5C ,D, there was no detectable difference between these strains with or without Spo12 overexpression even at 33°C, suggesting that the toxic effect of Spo12 overexpression affects the entire cell cycle.
Although there are different possible explanations for this observation (see discussion), the genetic link observed here supports the idea that Tom1 contributes to the turnover of Spo12, a component of the FEAR network.
Discussion
In this study, we demonstrate that several distinct pathways tightly regulate the turnover of Spo12, a component of the FEAR network in budding yeast, during the cell cycle. Specifically, degradation of Spo12 primarily depends on APC/C Cdh1 in G1 phase, but on the HECT-type E3 ligase Tom1 in G2/M phase. Notably, Spo12 was also turned over in S phase independently of both Tom1 and Cdh1 ( Fig. 2A) , suggesting that another S phase-specific E3 ligase(s) also underlies Spo12 degradation.
Overexpression of Spo12 caused a growth defect in tom1D cells particularly at the higher temperature of 32°C or 33°C (Fig. 5B and Fig. S3 ). Why did overexpression of Spo12 cause a severe growth defect in tom1D cells at a higher temperature? One simple explanation is that depletion of Tom1 and overexpression of Spo12 had a synergistic effect at a higher temperature. Cells lacking Tom1 grew relatively normally on agar plates at 30-32°C, but their growth was somewhat affected at 33°C. This is most likely because other pathways barely compensated for the adverse effects caused by the accumulation of Tom1 substrates. However, upon overexpression of Spo12 in tom1D cells at a higher temperature, these pathways were no longer able to fully compensate, leading to a severe growth defect. This is not the only explanation, and a putative S phase-specific E3 ligase responsible for Spo12 degradation must be identified to fully understand the physiological role of Spo12 degradation.
The activity of Spo12 peaks during anaphase to contribute to the FEAR network. Phosphorylation/activation of Spo12 mediated by CDK is restricted to anaphase [23] . Prior to and after mitotic exit, Cdc14 maintains Spo12 in a dephosphorylated state [23] . Transcription of Spo12 is also tightly controlled and peaks during mitosis [24] , raising the question of the physiological importance of Spo12 degradation mediated by APC/C Cdh1 and Tom1. Tom1 mainly contributed to the degradation of Spo12 in G2/M phase; therefore, overexpression of Spo12 was expected to result in the accumulation of tom1D cells in G2/M phase. However, this was not the case; its overexpression delayed the entire cell cycle in tom1D cells (Fig. 5C,D) . Although the reason for this is currently unclear, one possible explanation is that overexpression of Spo12 may affect G1 progression in tom1D cells due to a minor, but non-negligible, role of Tom1 in Spo12 degradation in G1 phase (Fig. 1A and  Fig. S1 ). In any event, we envision that APC/C Cdh1 , Tom1, and an additional ubiquitin ligase may have a concerted action in modulating the FEAR network by regulating the amount of Spo12 protein. Several ubiquitin ligases were reported to have a concerted action in cell cycle progression [30] . In the future, it will be important to identify an additional ubiquitin ligase(s) that regulates Spo12 in a cell cycle-dependent manner to further understand the roles of proteolytic regulation of Spo12.
Supporting information
Additional supporting information may be found online in the Supporting Information section at the end of the article: Fig. S1 . Wild-type (BY4741; WT), tom1D(E3lib27), and cdh1D (MSY321) strains were arrested with a-factor (aF: 10 lgÁmL À1 ) for 3 h. ) before cells were treated with 100 lM MG132 for 45 min. Fig. S3 . Ten-fold dilutions of wild-type and tom1D cells spotted onto synthetic medium plates.
